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First principles calculations based on spin-polarized density functional theory and the generalized gradient
approximation have been used to study the chemisorption and diffusion of Ni atoms and clusters and a Ni
thiophene complex on defect-free M@g@®001). The calculations employ slab geometry and periodic boundary
conditions. We have identified several possible adsorption configurations of Ni atoms on the surface. The
most stable configuration corresponds to adsorption at 3-fold hollow sites. By increasing the Ni coverage,
several types of clusters can be formed that have a lower binding energy per Ni atom than single adsorbed
Ni atoms. Minimum energy pathways for the diffusion of Ni atoms between selected pairs of local minima
have been determined. The results indicate the existence of relatively large barriers for hopping with values
between 20 and 44 kcal/mol. Additional calculations have been performed to analyze the adsorption of the
thiophene molecule on bare and Ni-covered Mb&sal planes. Ni atoms significantly increase the adsorption
energy of thiophene up to 21 kcal/mol. However, the diffusion barrier of theiNophene complex between

3-fold sites remains high with a value of 21.2 kcal/mol. Finally, the role of sulfur defects upon the chemisorption
of Ni atoms has been investigated. These defects further stabilize the Ni atoms on the surface and slightly

decrease the binding energy of thiophene on these metallic atoms.

I. Introduction the Co-Mo—S and Ni-Mo—S structures are responsible for
the catalytic activity’™* In this case, the identification of the
role played by Co or Ni promoter species as well as the location
of these species on the MgSurface has attracted significant
interest in recent years from both experimental and theoretical
groups®>-10|n particular, important insight has emerged from
the STM investigations of model HDS catalysts performed by
; . . Besenbacher and co-workédThey have shown that in the
allp.proaches takgn to ac.hleve these .goals, Improving the ef'case of Mo$ nanoclusters deposited on the Au(111) surface
ficiency of HDS is a k_ey issue. In particular, it is necessary to the Mo$ clusters change their shape from a triangular to a
remove both the readily des;royed sulfur compognds as yvell 3Struncated hexagonal configuration in the presence of Co. Co
the complement s_ulfur species that are not eliminated with the atoms were found preferentially to be located at the S edge of
current technologies. MoS,; clusters. At this edge, Co atoms appear to substitute into

Among various metal sulfide catalysts proposed for HDS, g positions where they induce an enhanced electronic density
molybdenum disulfide (Mo$ is one of the most promising 4 the nearby S atoms.

candidates for petroleum-refining industrfésin practice, it is Additional STM work performed by Weiss and co-workera?
used as well-dispersed MpSianocrystallites supported on Cpas focused on the degcription ofythe dynamics of Ni and Co
y-alumina and can be used both as an unpromoted or promote clusters on Mogbasal planes. On the basis of low-temperature

Eﬁtarg’rfot\g (Ijﬂ:;aglj S?; eN)'( g:i?nn:a%ttzrl S?to% mi Is.vler}nfj?(?atzzstﬁa?f scanning tunneling microscopy investigations, they have indi-
P YSIS, €xp cated that both of these species have a low barrier for diffusion.

Sulfr vacancies are reated. 1 5 generally belioved that sufur- AL{ETIPETALLIES a5 low a5 4 K, i lusters ranging insize from
: 9 y a few atoms to larger islands were observed. It was suggested

containing molecules cannot adsorb on completely sulfided that these promoters could be used to increase the sticking
C?é?l%sétiaigp ?qug?\}:{ sulfur vacancies have to be created toprobability of sulfur-containing hydrocarbons and to transport

P h ; y fy.h | ; b these hydrocarbons to the active sites for reaction. These
_The performance of the MeScatalysts for HDS can be gy eriments raise several issues that are not yet fully understood.
significantly improved by the use of metallic promoters where .. example, the location of the promoters on the basal plane

or the electronic modifications induced upon the adsorption of

The production of clean fuels by hydrotreating and hydrode-
sulfurization (HDS) is an area of major research interest due to
the new environmental legislation regarding fuel specifications.
The EPA’s new Tier 2 Clean Air Standards state that the content
of sulfur in gasoline should be reduced to 30 ppm by 2006 from
the current level of 300 pprhAmong different technological
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fully characterized. These experiments also hint at the role to be in qualitatively good agreement with the experimental data
played by sulfur defects on the chemisorption properties of of Helveg et af
promoter atoms. It would be useful to understand how the |n an attempt to clarify some of the issues raised by the STM
adsorption and dissociation of various hydrocarbon specieswork of Weiss et al! related to the structural and binding
containing sulfur are changed in the presence of the promotersproperties of Ni atoms on the Me®asal plane, we report in
and of the sulfur vacancies on MgS this study the results of first principles DFT calculations within
Interactions of thiophene with Me®asal surfaces have been the pseudopotential approximation for this particular system.
examined in several experimeitsi Thiophene was found to ~ The periodic nature of the surface, which is neglected in simple
adsorb very weakly on the M@$0001) surface and desorbed cluster models, has been considered here by using a tridimen-
molecularly at 165 K. By assuming a preexponential factor of sional slab model (supercell model) repeated periodically in all
10" 571, a binding energy of 9.5 kcal/mol was estimatéd. three directions. Beside a description of the geometric and
Rodriguez et a} investigated the adsorption of thiophene on energetic properties of Ni atoms and clusters adsorbed at various
clean and Ni-promoted MgSusing synchrotron-based high- ~ sites on Mog0001), we also report the adsorption properties
resolution photoemission. Their results confirm the existence Of thiophene on the surface with preadsorbed Ni atoms. We
of a weak chemisorption of thiophene on MaSirfaces with a further analyze the corresponding chemisorption properties for
desorption temperature around 200 K. The presence of S vacanthe case of a surface with sulfur defects. Finally, we analyze
cies on the surface slightly increased the binding energy of the minimum-energy potential path for the diffusion of Ni and
molecules, as indicated by the increase of the desorption Ni—thiophene complexes between different adsorption sites. We
temperature up to 300 K. In the presence of Ni promoters, the emphasize that the main aim of our work, as in the experiments
chemical activity of the surface increases, and the adsorptionOf Weiss et al., is to examine the fundamental mechanisms of
energy of thiophene is found to be at leastt® kcal/mol larger ~ Ni adsorption and diffusion on Me®asal planes, not to directly
than on pure Mo However, it was observed that the presence €xamine the full range of surface species and catalytically active
of Ni adatoms is not enough to promote the cleavage 68C edge sites that exist under practical HDS conditions.
bonds. The organization of the paper is as follows. In section II, we
The first step to describe theoretically the interaction of Ni describe the computational methods. The results of total energy
atoms with Mo$ basal planes was made by Rodrigétsing calculations for the adsorption of Ni atoms, Ni clusters,
INDOJ/S and unrestricted Hartre&ock calculations in conjunc-  thiophene, and Nithiophene complexes as well as for the
tion with cluster models representing Mg®001) and Mo$% description of the minimum-energy pathways between different
(1010) surfaces, it was determined that a significant reduction €duilibrium configurations are given in section Iil. Finally, we
(0.5-2 eV) in the stability of the HOMOs takes place upon SUmmarize the main conclusions in section IV.
Ni adsorption. On the basal plane, it was found thatard
thiophene molecules are only weakly bound but the binding Il. Computational Method
energy is increased when Ni atoms are present on the surface.

. Our calculations were made using the ab initio total-energy
These results suggest that one role played by Ni when adsorbed > T i
on the basal Mo%gurface is to enhapnc)é the{:hemical activity program VASP (Vienna ab initio simulation program) and the

of this surface by providing sites for the chemisorption of ultrasoft pseudopotential databa_lse contaln(_ed thé?e?ﬁ.Thls
thiophene. work hgs been _performed_usw_lg the spin-polarized PW91
More recently, the properties of promoted Magtalysts have generalized gradient approximation (GGA) of Perdew &g al.

: i This program evaluates the total energy of periodically repeating
been also analyzed using more accurate theoretical methods S“CBeometries on the basis of density-functional theory and the

as density functional theory (DFF:**2%In a series of papers,  pseydopotential approximation. In this case, the election
Raybaud et al:'® have investigated the binding and electronic  interaction is described by fully nonlocal optimized ultrasoft
properties of the promoter species at the (@0durface (Mo-  pseydopotentials (USPs) similar to those introduced by Vander-
edge plane) and the @10) surface (S-edge plane) where the it 2425 periodic boundary conditions are used, with the one-
catalytic activity is the highest. In a subsequent study, Raybaudelectron pseudo-orbitals expanded over a plane wave basis set.
et al!” have analyzed a number of intercalation and pseudo- The expansion includes all plane waves whose kinetic energy
intercalation configurations in which the promoter atoms interact s |ess than a predetermined cutoff enefgy. A cutoff energy
with the Mo$ basal plane inside the van der Waals gap. Itwas of 242 eV has been used in our studies. The Brillouin zone
found that the most favorable configuration corresponds to a was sampled with the lowest-order MonkherBack® set of
tetrahedral pseudointercalated position where the promoter isonek point for geometric optimizations and nitkepoints for
4-fold coordinated by sulfur atoms and has one molybdenum calculations of the densities of states. In a number of instances,
neighbor. In the same studythe substitution of one of the e have tested the accuracy of PW9L1 results using the projector
molybdenum edge sites with a promoter atom has also beenaugmented wave (PAW) methdd28 In this case, a cutoff
investigated, and it has been determined that this leads to aenergy of 400 eV has been used. Electron smearing is employed
significant stabilization of about 1.7 eV per cell in comparison via the Gaussian or MethfesséPaxton techniqué®° with a
to the pseudointercalation configuration. smearing width olo = 0.1 eV. The optimization of different
The influence of the practical conditions of temperature and atomic configurations is based upon a conjugate-gradient
pressure used in HDS processes upon the equilibrium S coveragéninimization of the total energy, using the Hellmarffeynman
of the active edges has also been analyzed by Raybauétéfal. forces on the atoms.
They have shown that the chemical potential of S, which  Minimum-energy paths between different minima were
depends on temperature and the pressure ratio,8fdthd H optimized by use of the nudged elastic band (NEB) method of
species, has a direct influence on the shape of the ,MoS Jmsson and co-workef.In this approach, the reaction path
crystallite and the local edge structure. For the most stable is “discretized”, with the discrete configurations, or images,
clusters determined, the STM simulated images were fund between minima being connected by elastic springs to prevent
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Figure 1. (a) Side and (b) top views of the Mg®001) slab model with three-SVlo—S trilayers.

the images from sliding to the minima in the optimization. In From an electronic point of view, bulk M@$s a semicon-
the NEB searches, either 8 or 16 images were employed betweermluctor. This has been shown previously by Raybaud &tamn.

minima. the basis of the calculated band structure and density of states
. _ (DOS) for the bulk crystal. We have repeated these calculations
lll. Results and Discussion and have found that the band gap is about 1 eV, in good

A. Calculations for Bulk MoS . A number of tests have been ~ greement with previous findings of Raybaud et’al.
performed to benchmark the accuracy of our DFT calculations ~ B. Slab Calculations for the Mo$(0001) Surface As noted
by examining bulk Mo$ To determine the equilibrium bulk ~ above, the existence of weak interactions between successive
parameters of MoSwe minimized the total energy with respect S—Mo—S sheets represents a challenge for DFT predictions.
to the volume and shape of the unit cell and the atomic To test the accuracy of our methods for predicting the geometric
coordinates within the experimentally determined space group parameters of the Me®001) surface, we investigated slab
symmetry. For the experimental structure of Mp®e have models with different numbers of layers. In particular, we
used the X-ray data reported by Bronsema e¥alho reported constructed surface supercells containing 3 surface units
that the crystal is hexagonal within thiS;/mmcspace group ~ With one and three SMo—S trilayers. Figure 1 shows the

with lattice dimensions ofi = 3.1602 A andc = 12.294 A. supercell used in the latter case. The total number of atoms is
The atoms are positioned at coordinates 2¢%3, %/, 1/4)} for 9 Mo and 18 S in the first case and 27 Mo and 54 S in the
Mo and 4f{x(Ys, %3, z, Y3, %3, Y, — 2), z= 0.62% for S second case. A vacuum width of about 11 A has been chosen.

atoms, respectively. Our calculations give lattice dimensions For the surface slab with one trilayer, the results of full atomic
of acac = 3.1723 A andceac = 12.6212 A, which differ by relaxations indicate very small changes relative to the bulk
0.38% and 2.66% from the experimental data with an axial ratio structure. For example, the M& and S-S distances inside

of ¢/ = 3.97 {laexp) = 3.89) and a volume ratio &fcaif/Vexp = the trilayer are 2.41 and 3.12 A, respectively, practically identical
1.034. The internal parameter,is found in our calculations to  to the values obtained for the optimized bulk structure. A similar
be 0.625. For the crystallographic parameters found in our conclusion is reached for the case when there are three trilayers
calculations, the SS first neighbor distances within the in the surface slab. However, in this last case, we observed the
S—Mo-S trilayer (see Figure 1) are found to be equal to 3.13 increase of the separation between the neighboring trilayers in
A whereas the interlayer distances are 3.66 A. These valuesa direction perpendicular to the surface normal. As a result, the
should be compared against the experimental values of 3.17interlayer S-S separation increases from 3.66 A, corresponding
and 3.49 A, respectively. Similarly, the covalent M8 distance to a bulk value to 4.32 A. These rather large displacements
is predicted to be 2.41 A whereas the corresponding experi- indicate the difficulty of the DFT method in accurately
mental value is 2.42 A. It is important to note that the weak reproducing the weak van der Waals interactions present
interactions between successive-l80—S trilayers in Mo$ between Mog layers. However, it is important to note that
represent a challenge for DFT calculations since these methodshecause of the relatively large separation between the neighbor-
do not quantitatively represent dispersion interactions. As a ing trilayers it is expected that there will be only a small
consequence, the interlayer spacings are predicted with lesdnfluence of the chemisorption properties of molecules on top
accuracy in our calculations than the other structural parameters.of the (0001) surface from the subsurface layers. Consequently,
These results are in very close agreement with those reportedn the majority of studies performed in the present work, we
previously by Raybaud et &!.using a computational method limited ourselves to a slab model containing a single trilayer.
similar to the one described in this work. In a few instances, however, we have further tested the results
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Figure 2. Pictorial representation of the lateral and top views of the adsorption configurations of Ni on th€0P@EY surface: (a) on top of
sulfur atoms (1F), (b) 6-fold configuration (6F), and (c) 3-fold configuration (3F).

using a three-trilayer slab model in which the interlayer spacing whereEy; is the energy of an isolated spin-polarized Ni atom,
was constrained to the optimized bulk value. As will be shown Egyis the total energy of the slab in the absence of the adsor-
below, the corresponding results are not influenced by this bate,Eqdstsian)is the total energy of the adsorbate/slab system,
choice. andN is the total number of Ni atoms in the supercell. A positive
C. Test Calculations for the Isolated Thiophene Molecule. E.ds corresponds to a stable adsorbate/slab system. However,
As one of the goals of the present work is to describe the as the energy of the Ni atom is likely to be poorly reproduced
chemisorption of thiophene on either a bare or a Ni-covered py DFT calculations, an alternative evaluation of the binding
MoS, (0001) surface, it is important to check the correspondence energies can be made with respect to the energy of the most
to theoretical predictions for the case of this molecule in the giopje adsorption site for an isolated Ni atom on the surface:
gas phase. Such calculations have been previously made b)Eel = Eags — Eagso Where Eagso represents the reference

l?]z_aybﬁud et e?'tin conr1|e9tio|r|1 with theMadSslo(;ption fstudi\e/; of  state. With this definition, a negative value B, corresponds
thiophene on the catalytically active | ﬂ_ ) sur ace. We o a state that is less stable on the surface than the reference
have verified their results by optimizations of an isolated state

thiophene molecule placed in a cubic box of side 10 A. The ' ) o )
predicted G-C, C=C, and G-S bond lengths were found to On the basis of full geometry optimizations of the Ni atom

be accurate within 1.0% of the corresponding experimental O the Mo$ basal plane, we have considered three adsorption

dat#435 whereas the deviation found for-&1 bonds from configurations for isolated Ni atoms. The first one, denoted 1F
experimental data is about 1.3%. Similar agreement is seen for(see Figure 2a), corresponds to a Ni atom adsorbed on top of
the corresponding bond angles. the sulfur atoms. As will be shown in a next section, this

The good performances of the set of Ni pseudopotentials configuration actually corresponds to a saddle point rather than
provided in the VASP program to describe the bulk properties a local minimum. The second one, denoted 6F, corresponds to
of Ni have been analyzed in great detail by Moroni etéand a 6-fold hollow site (see Figure 2b) in which a Ni atom is
will not be repeated here. Overall, the good agreement of the surrounded by three Mo and three S atoms. The last one, denoted
calculated results for bulk MeSthe bare Mog0001) surface, 3F, corresponds to adsorption on top of a Mo atom with 3-fold
and gas-phase thiophene with experimental data made ushinding to neighboring sulfur atoms (see Figure 2c). The

confident to proceed to the next step (i.e., the investigation of corresponding geometric and energetic parameters for these
the chemisorption properties of Ni species and the thiophene configurations are given in Table 1.

molecule gn the Mo§600h01) surface). . ol As indicated in section (a) of Table 1, our results indicate a
AtD. ’\,lﬁidA sotr.ptlor'l\on ':j'e I:/I(()iSzEJOOOl)thSur a(':e.'tDl%Slrrg(Ie stability order ofEaad3F) > Eadd6F) > Eag{1F). For the most
i omf tshorp :jon. ttc’ n Ifclil]'e ta OVve, the maj&r)loﬁo CE]‘C cvia  staple adsorption configuration, 3F, the adsorption energy using
ions for the adsorption of Vi atoms on the Mo )s_ur ace eq 1 is about 77 kcal/mol. In this configuration, the Ni atom
have been made using a33 slab with one SMo—S trilayer ) . . .
- binds simultaneously to both the Mo atom directly beneath it
containing a fotal of 9 Mo and 18 S atoms. For each and three neighboring S atoms. The corresponding\id and
configuration, the adsorption energy can be defined by Ni—S separations are 2.59 and 2.12 A, respectively. For the
_ . other two binding configurations, similar NiS separations are
Eads_ {NENi + Eslab E(adskslab)}/N (1) found (see Table l).



TABLE 1: Calculated Equilibrium Distances and the Adsorption Energies for Various Atomic Configurations Considered in
the Present Study

config? 0° r(Ni—Sy r(Ni—Mo) Eref config. 0° r(Ni—Sy r(Ni—Mo)e Eref
(a) USP, Slab with One Trilayer (c) PAW, Slab with One Trilayer
1F g 1.969 4.006 —43.7 1F Yy 1.958 3.991 —40.0
6F Yy 2.066 2.864 —10.6 6F Y 2.067 2.819 —8.6
3F Yo 2.123 2.590 0.0 3F Yo 2.121 2.581 0.0
(b) USP, Slab with Three Trilayers
1F g 1.974 3.984 —44.6
6F g 2.075 2.836 —9.6
3F gy 2.126 2.587 0.0

config. 6° r(Ni—Sy r(Ni—Mo)e r(Ni—Ni)e Erel Eads,§

(d) USP, Slab with One Trilayer

1F-1F 2ly 2.085 3.832 2.240 —-315

6F—6F 2ly 2.082 2.797 2.916 -9.8

1F-6F 2ly 2.097 3.001 2.420 —21.8

1F3F 2ly 2.114 2.629 2.409 —16.1

6F—3F 2ly 2.101 2.671 2.296 -7.8

3F3F 2ly 2.126 2.628 3.123 0.0 0.4

3F sites 3ly 2.131 2.663 3.168 0.9

3F sites 4y 2.136 2.692 3.144 11

3F sites 5y 2.150 2.726 3.024 1.6

3F sites 5/y 2.148 2.722 3.039 2.4

3F sites Iy 2.146 2.710 3.086 2.8

3F sites 8y 2.151 2.732 3.096 3.1

3F sites 9y 2.161 2.766 3.162 3.4

configh r(Ni—Mo) r(Ni—Sw) r(Sn—C) r(C=C) r(C—C) Eads

(e) USP, Slab with One Trilayer

TH(v) + Ni 2.635 2.195 1.722 1.373 1.427 19.4

TH(h) + Ni 2.640 2.248 1.743 1.366 1.436 21.1

() PAW, Slab with One Trilayer

TH(v) + Ni 2.634 2.203 1.724 1.368 1.430 18.9

TH(h) + Ni 2.628 2.233 1.738 1.365 1.432 20.0

a Sections ad refer to the Ni atom and Ni clusters adsorbed on M0®01) at different surface sites and for different coverageSections e
and f correspond to the thiophene molecule adsorbed on top of the Ni atom positioned at 3F sites. The results are differentiated for the case of
ultrasoft pseudopotentials (USP) and the projector augmented wave (PAW), respectively. All lengths and energies are shown in angstroms and
kcal/mol, respectively? Notations 1F, 6F, and 3F correspond to the adsorption on top of S atoms, in 6-fold, and in 3-fold configurations, respectively.
The mixed notations 1+3F, 1F6F, 1F3F, 1F1F, 3F3F, and 6F6F indicate the type of surface sites where the adsorption of Ni dimers
takes place¢ We define = 1 to be an adlayer in which there is one Ni adatom per Mo atom in the top trilhyee indicated bond distances
correspond to the average over equivalent bofdige indicated bond distances correspond to the minimum value among the entire set of different
distances’ The indicated relative adsorption energigs are given with respect to the adsorption at the most stable 3P Jités energy has been
determined on the basis of eq 2 described in t&¥he adsorption configurations of thiophene (TH) on top of the Ni atom correspond to a vertical
configuration through the S end (v) and, respectively, a configuration with the aromatic ring lying along the surface (h).

We have checked the sensitivity of our results against the methods provide similar data on the energetic and geometric
number of trilayers in the slab. For this purpose, we used a parameters of Ni atoms adsorbed at various sites on thes MoS
slab with three trilayers and with two atoms adsorbed on the surface.
opposite faces of the slab. The corresponding results are It is useful to compare the preference for the 3F adsorption
indicated in section (b) of Table 1. In this case, the adsorption site seen in this study with findings from other similar
energies and geometric parameters for all surface sites areexperimental or theoretical studies. Weiss efdlave shown
practically unchanged relative to the case when a single trilayer in their STM investigations that on the defect-free MaBsal
slab has been used. These results indicate that the use of th@lanes Co atoms bind exclusively at 3-fold hollow sites between
slab with a single SMo—S trilayer is sufficiently accurate to ~ surface atoms. A similar conclusion was reached theoretically
determine the corresponding adsorption parameters. Conseby Raybaud et al’ for the case of the adsorption of Co atoms
quently, in all of our following calculations, we have used a [nside the van der Waals gap between Miaers. Their results
single-trilayer slab model. indicate that the most stable configurations correspond to

. e tetrahedral pseudointercalation followed by bulk tetrahedral

Finally, we have analyzed the modifications of the present ;o cajation. In both of these cases, the Co atom is 4-fold
set of results for the case of the projector augmented wave ., inated by sulfur atoms and has one molybdenum neighbor,
(PAW) method, shown to provide an accurate description of gjmilar to the adsorption at the 3F site described in this section.
the chemisorption properties of molecules on surfd€e8.As For the pseudointercalation and bulk tetrahedral intercalation
indicated in section (c) of Table 1, the geometrical parameters configurations, the corresponding €8 distances were found
obtained using the PAW method are very close to those to be in the range of 2.142.22 A (2.13-2.16 A) whereas the
determined on the basis of ultrasoft pseudopotentials. The Co—Mo distances have values around 2.69 A (2.67 A),
relative stability order among the three adsorption sites is also respectively. These values are only slightly larger than those
maintained for this method, but the adsorption energies arewe have determined for the Ni atom adsorbed at the 3F site of
slightly larger than those obtained using USPs. Overall, the two 2.12 and 2.59 A. The additional elongation seen for the
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Figure 3. Pictorial views of the Ni dimers adsorbed at (a)-1F sites, (b) 6F6F sites, (c) 3F3F sites, (d) 6F1F, (e) 3F1F sites, and (f)
3F—6F sites.

intercalation configurations is due to the additional interaction (see Figure 3a). This separation is only 0.14 A larger than the
exercised by the neighboring MgSlab on the metallic species one we determined for an isolated Ni dimer in the gas phase.
Nevertheless, the increased stability of Co or Ni species when For the adsorption of Ni atoms at sites with different symmetries,
placed at sites above the Mo atom and 3-fold coordinated by we find that the 1F6F and 1F3F dimers are more stable than
sulfur atoms appears to be a common characteristic for eitheradsorption on the same sites as isolated atoms but that the 3F
the basal plane or inside the van der Waals gap between thes&F dimer is less stable than the isolated adatoms. The main
planes. conclusions from this examination of possible Ni dimers is that
D2. Adsorption of Multiple Ni Atoms. Beside the adsorption  the most stable dimer (3F3F) has the two Ni atoms sitting in
of Ni atoms independently at various surface sites, we have the same local environment as the most stable isolated adatom
also considered the possibility of having a simultaneous and that the interactions between the two Ni atoms are weak
adsorption of Ni atoms at two or more surface sites. The relative to the Ni-surface bonding. Although the stabilization
characterization of these adsorption configurations is of increas-of the 3F3F dimer relative to the overall surface bonding is
ing importance when the adsorption sites are closely separatedveak, it is sufficient to provide a considerable tendency for Ni
and Ni atoms can interact with each other. atom clustering at the low temperatures used in the STM
We have determined the adsorption configurations of two Ni experiments of Weiss et &l
atoms when they adsorb at the same type of neighboring sites, To determine the effect of lateral interactions between the
1F—1F, 6F6F, and 3F3F, as well as the case when adsorption Nj atoms, we have also analyzed the variation of the binding
takes place at sites with different symmetries, namely; @i, energy per Ni atom with coverage for the case when adsorption
1F—3F, and 3F6F. The corresponding configurations for these  takes place at the 3F sites. This dependence has been analyzed
sets of structures are illustrated in Figure 3. The relative [y considering up to nine Ni atoms in the 3-fold sites of our
adsorption energie&e, for these dimers as reported in Table sypercell such that coverages betwéen 0.11—1.0 could be
1 were determined with respect to the energy of a dimer stydied. Here¢ = 1.0 means that the Ni adlayer contains one
adsorbed at neighboring 3F sites. We note that this3  Nj atom per Mo atom in the surface trilayer. A simple row-
reference state is only slightly more stable (by 0.4 kcal/mol per py_row filling order has been considered in these studies. For
atom) than two isolated Ni atoms in 3F sites. This observation example, at) = Y, this construction gives an infinite row of
has been confirmed both by comparing the-3F dimer with  Njj atoms on the surface. The lateral separation between the Ni
the analogous single Ni atom configurations and by performing Nj atoms in adjacent 3F sites, 3.128 A, is considerably larger
calculations with two Ni atoms at nonadjacent 3F sites in our than the Ni-Ni distance in an isolated Ni dimer (2.10 A) or in
supercell. Although most of these pairs of adsorbed atoms leadp |k Nj (2.49 A). We have characterized the energy of these
to more-stable adsorption than the corresponding isolated configurations as a function of coverage in two ways. First, the
adsorbates, the degree of stabilization varies considerably. Theta| adsorption energyEgq) of theN adsorbed Ni atoms relative
3F—3F and 6F6F pairs are stabilized by 0.4 and 1.2 kcal/mol {5 N well-separated gas-phase Ni atoms is shown in Figure 5a.
per atom, respectively, relative to isolated adatoms in these samesecond, we list in Table 1 the energy gained in moving fiom

sites. The geometry of each Ni atom in these dimers is only jspjated Ni atoms adsorbed in 3F surface sites to the coverage
slightly changed from that observed for an isolated adatom. The ¢ interest, defined by

equivalent energy for the HLF dimer is 12.6 kcal/mol per
atom. In this case, the two Ni atoms practically form a new E. =[NE — (N— 1E.— E.UN 2
Ni—Ni dimer with a separation distance d@Ni—Ni) = 2.24 A acsg— INB — ( )~ B )
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Figure 5. Variation of the Fermi energy as function of Ni coverage
for the case of Ni adsorption at 3F sites on the M06801) surface.

Here,Ey is the total energy of our computational supercell when
N Ni atoms are adsorbed, amig is the energy of the isolated

1) that as the coverage is increased frbgto 1 the vertical
separation between Ni and surface Mo atoms increases from
2.591 to 2.767 A. This effect indicates the trend of Ni atoms to
separate from the surface as Ni clusters form. Similar behavior
for the height of metal clusters above a surface as a function of
coverage has been observed in studies of transition metals on
metal oxide surface¥.

To attempt to describe the binding energy of Ni clusters as
a single unit with the Mogsurface, we calculated the cluster
adsorption energy per Ni atom defined as

Eads,c= {Eciust T Esian— E(clusHsIab)} IN ®3)

whereE.,stis the total energy of the cluster containiNgaitoms

of Ni, Egiapis the total energy of the slab in the absence of the
adsorbate, anBcust+siab) IS the total energy of the cluster/slab
system. The cluster ener@yustabove has been determined by
relaxing the atomic coordinates in the direction perpendicular
to the slab directionZz axis) but freezing the atomic motion
along thex andy directions to maintain the lateral configuration
seen on the surface. This quantity is closely related to the work
of separation, a quantity that has been used to assess the
adhesion strength of heteroepitaxial filfsThe variations of
Eads,cas function of Ni coverage are shown in Figure 4b. The
cluster binding energy per Ni atom decreases strongly with
coverage. That is, increases in Ni coverage lead to enhanced
overall adsorption energy because of stabilizing-Ni interac-
tions, as mentioned in our discussion above of the total
adsorption energy per atom, but these lateral interactions
significantly decrease the interaction between the Ni cluster and
the surface when the cluster is viewed as a single, cohesive
unit.

The increase of Ni coverage on the M¢®01) surface also
has significant effects upon the electronic properties of the
system. For example, we present in Figure 5 the variation of
the Fermi level as function of the Ni coverage when adsorption
takes place at the 3F site. As can be seen in this Figure, there
is a continuous shift upward of the Fermi level with Ni coverage
toward the vacuum level taken as zero energy.

Papageorgopoulos and Kamardtdsve shown experimen-
tally that below room temperature the deposition of Ni on the
basal plane of MoSleads to the formation of small islands
followed by a change to 3D particles upon heating at 450 K.
Moreover, the increase of temperature leads to a decrease of
the sticking coefficient of Ni atoms, an effect attributed to the
formation of islands and particles. In the regime of lower
coverages where Ni adsorbs directly to the surface, it was
determined that initially there is a linear decrease of the work
function of about 0.26 eV. This work function dependence
becomes nonlinear for increasing coverage because of island
formation. From the data in Figure 5, we can observe that if
the deposition of Ni atoms takes place in a regular pattern at
3F sites then there will be an upward shift of the Fermi level
with a dependence of coverage that is almost linear up+to
1/5. As a result of this shift, there will be a decrease of the work
function, in agreement with experimental déta.

In Figure 6, we represent the variation of the total DOS for

slab. Both of these energies are reported on a per atom basisthe Ni-MoS, system as function of the coverage of Ni atoms
Both measures of the adsorption energy clearly indicate thatadsorbed at 3F sites. Our calculations indicate that despite a

increasing the size of Ni clusters with all Ni atoms in 3F sites

continuous decrease of the band gap the system remains

stabilizes the cluster with respect to the adsorption of isolated nonmetallic even in the case when Ni atoms occupy all 3-fold

Ni atoms in 3F sites. This result is due to the attractive

sites available on the surface. The lack of metallic character

interactions between the Ni atoms as well as between theseobserved here has also been observed experimentally by

atoms and the MoSsurface. We also note (see data in Table

Papageorgopoulos and Kamaratbs.
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Figure 6. Variation of the total DOS as function of Ni coverage when
adsorption takes place at 3F sites on the M0®01) surface. In each

DOS, the zero energy is taken to be at the Fermi level.

The first types correspond to triangularsNiusters with their
planes oriented perpendicular and parallel, respectively, to the
surface. In the first case, the binding to the surface takes place
through a Ni atom positioned at the 3F site whereas in the
second case the adsorption takes place on top of S sites (1F
configurations). The corresponding binding energies per Ni atom
are 60.4 and 19.7 kcal/mol, respectively. These values are clearly
smaller than the corresponding energies found for the individual
Ni atoms adsorbed at 3F and 1F sites of 77.5 and 33.8 kcal/
mol, respectively. The increase of the size of the cluster from
Niz to Ni4 for the case when adsorption takes place on top of S
atoms leads to an even larger decrease of the adsorption energy
per Ni atom to 16 kcal/mol. These results imply that none of
the clusters shown in Figure 7 are more stable than having the
same Ni atoms adsorbed in adjacent 3F positions as discussed
above.

Similar conclusions have been obtained for the analysis of
even larger clusters. In particular, we have considered the
adsorption of Ni clusters. These clusters are composed of a
central Ni atom surrounded by six other Ni atoms distributed
in a regular hexagonal configuration at abouf @6lative to
the central atom. For these clusters, we have considered the
adsorption of the central atom at either a 6F or a 3F site,
respectively (see Figure 7d and e). The central 6F atom is
surrounded by three atoms positioned at 3F sites and three atoms
at 1F sites. The cluster centered on a 3F atom contains three Ni
atoms at 6F sites and three atoms at 1F sites. The corresponding
adsorption energies of these clusters were only 9.5 and 10.2
kcal/mol per Ni atom, respectively. As with the \and Ni
clusters described above, these disters are considerably less
stable than the adsorption of the same number of Ni atoms in

There are of course many structures in which Ni clusters can adjacent 3F sites.

potentially form on the surface. We have examined several

D3. Diffusion of Ni Atoms on M0$(0001).An additional

geometries that correspond to isolated Ni clusters to complementset of investigations has been dedicated to the evaluation of
the surface-filling calculations described above. The corre- the minimum-energy paths for the diffusion of the Ni atom
sponding clusters that are analyzed are represented in Figure 7between different adsorption configurations on the M6801)

d)

e)

Figure 7. Pictorial view of the N§, Nis, and Ni clusters investigated in the present work. Plot (a) corresponds to a cluster with one Ni atom
bonded to a 3F site and the other two in a vertical plane perpendicular to the surface; configurations (b) and (c) correspand tdiNiusters
bonded on top of S atoms; and plots (d) and (e) representldters centered around a 6F and 3F sites, respectively.



50 from 0 to 14 or 23 and relaxing all the other degrees of
a) 3F—=1F freedom, we have determined that the total potential decreases
40 1 by 0.2 and 1.9 kcal/mol, respectively, relative to the vertical
adsorption configuration of Ni on topf@ S atom.

Our results indicate that in the low-temperature regime the
20 A diffusion rates of individual atoms via the three pathways we
have considered are extremely small. If we assume that
individual Ni atoms attempt to hop over the barriers observed
in our pathways with an attempt frequency of'4671, then
the hopping frequency drops from roughly 0.02 st room

, ~ temperature to I0 s ! at 200 K. This result is dramatically
2 4 8 8 10 different from the rapidly diffusing surface species observed
25 Image Number via STM by Weiss et alt! who report that the observed Ni
b) 3F—3F species hop on submicrosecond time scales at 77 K and room
20 | temperature. Assuming the same attempt frequency as above
requires an energy barrier of approximately 2.5 kcal/mol for
hopping to occur once per microsecond at 77 K.

10 4 One way to compare the energy barriers for diffusion
mentioned above to other systems where surface diffusion has
5 1 been quantified is to examine the ratio of the diffusion activation
energy to the energy required for desorption. Our DFT results
predict that this ratio is 0.26. Using the same desorption energy
‘ ‘ ‘ ‘ (77 kcal/mol) but the energy barrier estimated above from the
2 4 6 8 10 experimental observations of Weiss et'g2.5 kcal/mol) yields
Image Number a ratio of 0.03. Reviewing experimental measurements of this
50 ratio for the diffusion of metal and alkali atoms on metal
c) 3F— 6F—~1F surfaces, Gomer found that most data lies in the range 0f0.07
0.2, although examples as low as 0.03 and as high as 0.30 are
known#2 Unfortunately, similar data for metal atom diffusion
30 1 on nonmetallic surfaces is not currently available. We can draw
only a relatively weak conclusion from this discussion: neither
our DFT results nor the experimental results of Weiss ét al.
10 4 yield diffusion barriers that are unprecedented when compared
/F with the desorption energy of the diffusing atom. We discuss
6F the possible sources of the discrepancy between our DFT-based
predictions and experimental observations further below.

o 2 4 6 8 10 12 14 16 18 E. Adsorption of Thiophene Molecules on a Bare Basal
Surface and on a Surface with Adsorbed Ni SpeciesAs

i ) o ) thiophene is one of the representative molecules involved in
Figure 8. Potential energy surface for the diffusion of Ni atoms along

the following pathways: (a) 3F~ 1F, (b) 3F— 6F — 3F, and () 3F the dgsulfquzatlon processes, it is interesting to analyze the
— 6F— 1F. chemisorption properties of this molecule on the Md3sal

plane and the role played by the adsorbed Ni species upon these

surface. These calculations have been performed using the NEEPOPETties.
method3! We have considered three diffusion pathways sug-  In the case of the adsorption of thiophene on the bare surface,
gested by the surface symmetry: 3F 1F, 3F— 6F — 3F, we find very small adsorption energies, indicating a physisorp-
and 3F— 6F — 1F. The minimum-energy paths corresponding tion mechanism. This result is in agreement with previous
to these processes are represented in Figure 8. As can be seegxperimental findings determined by Salmeron e€ain the
from this Figure, our calculations indicate that among the set basis of TPD investigations or the data obtained by Rodriguez
of three diffusion pathways considered here the-8BF — 3F et al14 using synchrotron-based high-resolution photoemission.
path has the smallest barrier, with a value of 20.1 kcal/mol. ~ Similar weak interactions of thiophene with Mo®Bodel clusters
We have also considered the case of Ni diffusion from3E  were determined on the basis of ab initio SCF calculations by
6F sites when a second Ni atom is positioned at a nearby 3eRodriguezt® In the context of HDS, it is useful to note that
site. In this case, the calculated diffusion barrier decreases onlythese weak binding energies imply extremely short residence
slightly relative to the barrier obtained for the diffusion of a times of thiophene on the Me®asal plane.
single Ni atom. This result indicates that the stabilization  For the case of the surface with adsorbed Ni species, we have
provided by the neighboring Ni atom positioned at the 3F site analyzed the adsorption of thiophene on top of the Ni atom
upon the diffusing atom is small. positioned at the 3F site. We considered two adsorption
Another important finding that is apparent from the potential configurations of thiophene, both with binding of the molecule
profiles for 3F— 1F and 6F— 1F diffusion pathways is that  to the Ni atom via the S atom in the molecule (see Figure 9).
adsorption at the 1F site does not correspond to a local minimumThe first configuration placed the aromatic ring perpendicular
but to a saddle point. We have analyzed in more detail the to the surface. The second configuration has the aromatic ring
potential region around the 1F adsorption site and find that in tilted with respect to the surface plane. Our results (see Table
this region the potential is very flat. For example, by changing 1) indicate that the S atom in thiophene adsorbs at about 2.2 A
the angle formed by the-S\Ni bond with the surface normal  above the Ni atom. Both the vertical and tilted configurations
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a) b)

Figure 9. (a) Vertical and (b) tilted adsorption configurations of thiophene on Ni atoms adsorbed at 3F sites on thea $lane.

have similar adsorption energies, with a slightly larger binding 25

energy for the adsorption in the tilted configuration. The binding
energy we consider here is the energy required to desorb
thiophene from the surface molecularly, leaving the Ni atom
on the surface. As these energies are significantly larger than
those of thiophene adsorbed on the bare surface, it follows that
one role played by adsorbed Ni atoms on Mb&sal planes is

to increase the binding energy and hence the residence time of
thiophene on the surface. A similar conclusion has been obtained
experimentally by Rodriguez et #l.Photoemission spectra of
thiophene adsorbed on N/MoS; and NpgMoS, systems
indicated that the addition of Ni enhances the adsorption energy . ‘ . ‘ .
of thiophene by at least510 kcal/mol relative to the case when 0 2 4 6 8 10
adsorption takes place on the pure Ma8rface.

F. Diffusion of the Ni—Thiophene Complex on the Mo%-
(0001) SurfaceBesides increasing the binding of thiophene to
the surface, Kushmerick et Hl.have suggested a possible

second role for the_Ni promoter on Mg®$asal pla_nes. The)_/ energy, it appears that the diffusion of the-Mhiophene
suggested that Nithiophene complexes may be highly mobile cmpjex considered here is negligibly slow at low temperatures.
on Mo$S basal planes, aIIowmg_these complexes to tr_ansport G. Adsorption of Ni Atoms and the Ni—Thiophene
th|opheng or othe_r sulfur-contg|_n|ng hydrocarbons efficiently Complex at Sulfur Defect Sites.The characterization of the
to catalytlcqlly active sites positioned at l\/bo§1elet. eplges Of  chemisorption of Ni atoms and Nthiophene complexes on
defects. In light of this proposed phenomenon, it is interesting ¢ gefective Mogbasal plane is the final topic considered in
to examine th_e barrier to diffusion for the Nihiophene the present work. As has been shown experimentally by
complex described above. Kushmerick et alll defective sites are observed on this surface
We have determined the diffusion barrier for the—Ni  in the regime of low temperatures. In this case, the defects were
thiophene complex using the NEB method as described in assigned from STM images as single S vacancies on the MoS
previous sections for the case of a pathway between two surface. A primary effect of these defects was to stabilize Ni
neighboring 3F and 6F sites. In this case, we have consideredatoms adsorbed on the surface. For example, it was shown that
only the tilted bonding configuration of thiophene to the Ni the increase in the binding energy of Ni atoms or clusters at
atom. The initial diffusion path has been taken by linear these S vacancies made it impossible to displace the Ni atoms
interpolation between the two minimum-energy states in adjacentusing the STM probe tijt
3-fold sites. The corresponding minimum-energy path is rep-  We analyzed the adsorption of a single Ni atdra & vacancy
resented in Figure 10. As can be seen from this Figure, the on a Mo$(0001) surface using the same supercell as in our
barrier for diffusion is relatively large, with a value of about previous calculations. The S vacancy was made by simply
21 kcal/mol. This value is not surprising in light of the diffusion  removing one S atom from the top S layer in the surface. The
barriers reported above for isolated Ni atoms. Indeed, it is geometry of the Ni atoms and all of the surface atoms was fully
apparent that the diffusion barrier encountered by the- Ni  relaxed in our calculations. Independent of the initial position
thiophene complex is largely due to the energy required to move of the Ni atom around the vacancy, either on top or in a
the Ni atom across the surface. On the basis of this activation neighboring 3F or 6F site, the final adsorption position corre-
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Figure 10. Potential energy surface for the diffusion of the—Ni
thiophene complex along the 3F 6F pathway.



a) b)
Figure 11. Pictorial view of (a) Ni and (b) the Nithiophene complex adsorbed on the defective M@®1) surface.

sponds to a Ni atom filling the S vacancy (see Figure 11a). For at 4 K, it was seen to remain on top of the surface at all times
this configuration, we have determined an adsorption energy as the atom “diffuses” across many lattice site¥/e also note

of 98.5 kcal/mol using ultrasoft pseudopotentials (USP) or 102.3 that although surface atoms were allowed to relax fully in our
kcal/mol using the PAW method. These adsorption energies areDFT calculations only small relaxations of the top-layer S atoms
roughly 20 kcal/mol larger than those we find for isolated Ni were observed as Ni diffused between stable adsorption sites.
atoms on defect-free basal planes (see Table 1). These result3hus, although our calculations cannot unequivocally exclude
support the experimental findingfghat S vacancies significantly ~ the existence of some concerted diffusion mechanism that leads
increase the binding energy of Ni atoms to the surface, leadingto single Ni atoms diffusing with very small energy barriers,
to a very stable adsorption configuration. this possibility does not seem likely.

We have also tested the modification of the binding energy A second scenario is that the rapidly diffusing species
of thiophene when it is adsorbed on Ni atoms that fill the S observed by Weiss et &l.at 77 K and room temperature are
vacancies (see Figure 11b). In this case, the correspondingnot individual Ni atoms. For this scenario to be consistent with
thiophene adsorption energies were 15.2 kcal/mol using USPsour results, the rapidly diffusing species should include es-
and 14.7 kcal/mol using the PAW method. These values are sentially all of the surface Ni since no stable Ni atoms or clusters
about 5 kcal/mol smaller than those determined when the Ni  were observed experimentally except at 4 K. Weiss Etrajport
thiophene complex sits on an undefective surface. On the basisthat d@ 4 K clusters of Ni are less susceptible to being moved
of these results, it can be concluded that defective sites presenby an STM tip than individual Ni atoms. We note, however,
on the surface serve as strong centers for Ni stabilization. As that Ni clusters could possibly diffuse via stepwise mechanisms
on defect-free basal planes, thiophene molecules bind to thesewith low energy barriers, even though the energy required to
stabilized Ni atoms much more strongly than they do to the move the entire cluster in a concerted manner may be farge.
bare basal plane, although the binding energy of thiophene tolf this occurs, then clusters that can diffuse readily on the surface
these defect-site Ni atoms is somewhat lower than the corre-could still be difficult to move with an STM tip. STM
sponding binding energy for Ni on defect-free M{#E01). experiments examining Co clusters on Mdfasal planes have

H. Comparison with STM Experiments. The most puzzling shown that Co clusters undergo substantial shape changes over
feature of our results is their apparent contradiction of the timel? although similar results have not been reported during
experimental conclusions drawn by Weiss et'akgarding the equivalent experiments with Ni on Me@S' We have directly
diffusion of Ni atoms on Moghbasal planes. Our calculations examined the influence of adjacent Ni atoms on the diffusion
indicate that if isolated Ni atoms diffuse via direct hopping activation energy of single Ni atoms and have found this
between stable adsorption sites on the surface then an energynfluence to be very small. Our calculations with a variety of
barrier of at least 20 kcal/mol must be overcome. This energy Ni clusters indicate that Ni adsorbs most favorably in adjacent
barrier would render Ni atoms essentially stationary on the 3F sites. This observation, coupled with the large activation
timescale of STM imaging in the experiments of Weiss et al. energy observed for the diffusion of one Ni atom in a-3F
at 77 K. However, STM experiments at this temperature were dimer, does not suggest that the existence of low-energy
unable to image localized Ni atoms. We conclude by considering diffusion paths for small Ni clusters in 3F sites is likely. Further
two scenarios that could potentially explain this discrepancy. It investigations of the possibility of mobile Ni clusters will require
is possible that Ni does not diffuse on the surface by a direct the construction of specific diffusion pathways using DFT or
hopping mechanism, that is, by a mechanism in which es- the direct imaging of cluster motions experimentally.
sentially only the Ni atom moves. It is well known, for example, It is also possible that the rapidly diffusing species observed
that metal atom diffusion on (100) transition-metal surfaces can by Weiss et al! are adsorbed Ni atoms decorated by heteroa-
proceed via substitution mechanisms in which the diffusing atom toms that they have abstracted from the surface or from
moves into the surface layer, displacing another atom onto the contaminants in the experimental system. We are currently
surface*®#4This scenario seems unlikely in view of the strong performing DFT calculations examining the adsorption and
bonding between individual atoms in the MoSurface. diffusion of NiS, and NiH, complexes on Mogbasal planes.
Moreover, when a Ni atom was manipulated with an STM tip  Our preliminary results indicate that whereas some of these



complexes have lower diffusion activation energies than indi- 3-fold sites. This indicates that at temperatures below room
vidual Ni atoms these reduced energies are still quite large whentemperature individual Ni atoms cannot transport thiophene
compared to those inferred from the STM experiments of Weiss molecules on the surface.
et al. We will report in detail on these results in the future. (9) When present on the surface, S vacancies act as stabiliza-
For completeness, we must consider one additional possibil-tion centers for Ni atoms. The adsorption energy of Ni at these
ity: that plane wave DFT is grossly inaccurate for Ni adsorption sites was found to be about 21 kcal/mol higher than the most
on MoS. The accuracy of DFT for surface calculations has stable adsorption configuration on a nondefective surface. In
recently been carefully discussed by Feibelman etSaior contrast, thiophene is less strongly bound by about 5 kcal/mol
example, where carefully converged DFT calculations yield to Ni atoms adsorbed at the defect site relative to the case when
results that are different from experimental measurements, Ni is adsorbed on the defect-free surface.
namely, the sitting of CO on Pt(111). These authors point out
that whereas adsorption energies computed using DFT may be Acknowledgment. We gratefully acknowledge the super-
in error at the level of tenths of an electronvolt, it is generally computer allocation provided by the Pittsburgh Supercomputer
expected that energy barriers determined for processes involvingCenter under the S®artnership program. D.S.S. is an ORISE
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